The motions of cells and organelles are highly coordinated. They are driven by motor proteins moving along cytoskeletal filaments, and by the dynamic growth and shrinkage of the filaments themselves. The initiation of cellular motility is triggered by biochemical signaling pathways, but the coordination of motility at different locations or times is not well understood. In this review I discuss a new hypothesis that motility is coordinated through mechanical signals passing between and regulating the activity of motors and filaments. The signals are carried by forces and sensed through the acceleration of protein-protein dissociation rates. Mechanical signaling can lead to spontaneous symmetry breaking, switching, and oscillations, and it can account for a wide range of cell motions such as the flagellar beat, mitotic spindle movements, and bidirectional organelle transport. Because forces can propagate quickly, mechanical signaling is ideal for coordinating motion over large distances.
The motions of cells and organelles are highly coordinated in space and time. A dramatic example is the serpentine movement of animal spermatozoa, whose motile organelle is the axoneme, a microtubule-based structure that extends from the head to the end of the tail (Figure 1a) . On one side of the axoneme, motor proteins in the dynein family switch on and drive microtubule sliding to generate a bend in one direction; these motors then switch off and motor proteins on the other side switch on to generate a bend in the other direction. This alternating pattern of activity then travels as a wave from head to tail to generate the undulations that push the cell through the fluid.
Cells exhibit a wondrous variety of movements that they use to locomote, change shape, and divide. Keratocytes, skin cells in fish and amphibia that quickly move to sites of injury, have a characteristic shape that is preserved as the cell advances ( Figure 1b) ; the protrusion of the actin-based lamella at the front must be coordinated with the retraction at the rear, otherwise the cell would stretch out or scrunch up (35). During mitosis, the duplicated chromosomes undergo a highly choreographed sequence of movements. They are captured by microtubules of the mitotic spindle, move to the center of the bipolar spindle (Figure 1c) , and then, following separation, the sister chromatids move to different poles prior to cell division. This elaborate maneuver involves several checkpoints that ensure that the next phase begins only after the last phase has been completed, thus increasing the reliability of the partitioning of the genomes to the two daughter cells (44) . Even the transport of membranebounded organelles, especially prominent in the long axons of neurons, must be coordinated because the outward-moving kinesin carries the inward-moving cytoplasmic dynein: Both motors cannot be active at the same time, or else the transport vesicles would get caught up in a local tug-of-war rather than participate in an orderly circulation of proteins, lipids, and metabolites from the cell body to the synapse and back. Coordination ensures that motors work with each other and not against each other, that motors move cells and not pull them apart, and that events take place in the correct sequence so that errors are not made. How are such mechanical processes regulated? There is no doubt that cell signaling pathways play crucial roles. For example, mammalian sperm are quiescent in the epididymis and become motile only after being triggered by bicarbonate anion present in reproductive fluids through a pathway that involves cAMP and calcium (9). Sea urchin sperm chemotax: They target eggs in the open water by swimming up a concentration gradient of a small peptide that they detect through a sensitive guanyly-cyclase receptor pathway (34). The protrusion of actin at the leading edge of moving cells is regulated by members of the Rho family of G-proteins (31). The cell cycle and mitosis are timed by phosphorylation pathways (44) . These examples make clear that cell motion is turned on and off through the signaling pathways that are universal regulators of cellular activities.
But to what extent do biochemical signaling processes control the detailed movements of the motor proteins and the cytoskeleton that form the "nuts and bolts" of cell motility? Are the individual motors and filaments micromanaged like marionettes by a small group of cellular puppeteers (signaling pathways) that ensure that the players work together? Or is there a certain degree of autonomy of action of collectives of motors and filaments that allow them to self-organize and coordinate? If so, what is the nature of this coordination-how do the motors and cytoskeleton communicate with each other, and what are the sizes of the collectives that can work without centralized instructions?
In this review I describe recent progress on understanding how a certain type of mechanical communication between motor proteins can lead to coordinated cellular motions such as switching the direction of motion or spontaneous oscillation. The communication involves the load-dependent acceleration of proteinprotein dissociation. The idea originated in a pair of theoretical papers by Jülicher & Prost (32, 33), though its essence is contained in an earlier paper by Brokaw (7). To understand how this can lead to coordination within a network of motors and filaments, we must develop a new way of thinking about the process of force generation by motor proteins in which velocity rather than force is the independent variable. With this shift in perspective, load-accelerated dissociation can be built into mechanical signaling networks, which can then be analyzed using the same control theoretic approaches that have been so successful in understanding electrical signaling networks in the nervous system (27) and chemical signaling networks in cells in general (2, 61) . In this way, load-accelerated protein-protein dissociation has recently accounted for experimentally observed switching and oscillations that take place during the flagellar beat (8, 49), during spindle positioning in mitosis (21, 47) , and in other cellular processes ATP: source of chemical energy such as bidirectional organelle movement (5, 43) .
FORCE DEPENDENCE OF MOTOR PROTEINS
Cell movements are driven by motor proteins that hydrolyze ATP as they move along cytoskeletal filaments. In addition, the filaments themselves hydrolyze nucleotides, ATP by actin and GTP by tubulin, through reactions coupled to polymerization and depolymerization; this coupling enables the filaments to do mechanical work as they push and pull intracellular structures (28) . I first consider force generation by motor proteins. The concepts generalize to the cytoskeleton, and indeed any system in which a change in physical position-such as motion along a filament or change in length of a polymer-is coupled to an energetically favorable chemical reaction.
Our understanding of how motor proteins work has increased profoundly over the past 20 years (28) . This has been mainly due to two developments: Single-molecule techniques allow one to follow and manipulate individual motors as they move on their cytoskeletal tracks (54) , and crystallographic and EM studies have provided atomic structures of many motor and cytoskeletal proteins (41, 42). A fundamental insight from these studies is that load forcesforces directed parallel to the filament but in a direction opposite of unloaded motion-couple to the ATP hydrolysis reaction by slowing down steps that involve forward movement against the load. In this view, the ATP hydrolysis reaction is such a highly energetically favorable process that, if it is tightly coupled to vectorial motion such as movement along a filament, the reaction (and the motion) will proceed even in the presence of an external load force. This leads naturally to the question of how the force influences the velocity. The load dependence of velocity has been measured using viscous loads and elastic loads exerted by flexible glass fibers and by optical tweezers, among others (28 and references therein) (Figure 2a) . A velocity-force curve for kinesin-1 is shown in Figure 2b . Without load, the kinesin-1 moves at ∼800 nm s −1 , corresponding to about 100 8-nm steps per second (8 nm is the distance from one tubulin dimer to the next along the protofilament of the microtubule). As the load force is increased, the speed decreases until the movement stalls at ∼7 pN. At stall, there are low rates of forward and backward stepping that are balanced such that the net displacement is zero. When the load force exceeds the stall force, the motor goes backward: The stall force is also a reversal force (10). 
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A NEW VIEW OF MOTOR PROTEINS: FORCE GENERATORS WITH INTERNAL DAMPING
This chemical view of how force influences the velocity of motors is not useful for understanding how motor proteins interact with each other and work together to produce movement in cells. The reason is that our goal is to explain the motion rather than the force, the latter playing the role of an invisible hand that guides and coordinates. However, there is an alternative, mechanical view of a motor protein that is useful: The motor comprises a force generator together with an internal damping element. The force generator tries to keep going and going, like a wind-up soldier or a walking toy. The internal damping element is needed to account for the surprisingly low speeds of unloaded motor proteins: Because the viscous drag force from the surrounding fluid on a nanometersized motor moving at only one micron per second is tiny compared with the stall force of several piconewtons (28) , the unloaded speed is not limited by external friction. There must therefore be internal friction in the workings of the engine. This friction originates in the tight coupling between chemical and mechanical transitions-large chemical activation barriers lead to slow transitions in the associated mechanical states so that motion is slow even in the presence of external force. The motor is analogous to a watch with an intricate arrangement of cogs and wheels that limit how quickly one can force the hands to turn.
This view accounts, in a simple way, for the effects of external loads: The speed is simply the net force-the external force plus that of the force-generator-divided by the drag coefficient of the internal damping element. If we pull back on the motor, it slows down; if we push it, it speeds up. This is analogous to a walking toy slowing down when it moves uphill and speeding up when it moves downhill; the incline acts as an external force, which can be assisting (downhill) or loading (uphill). In the simplest case, the force-velocity curve is linear, i.e., the drag coefficient is constant.
The important thing about this new view of a motor protein comprising a force generator and an internal drag element is that we do not need to consider the chemical and mechanical mechanisms in any more detail. This is because our mechanical picture is sufficient to explain how the motor works in the presence of external forces, for example, those generated by other molecular machines.
In this new picture, it is natural to plot the external force as a function of the velocity (Figure 2c ) because this allows us to estimate the drag of the motor as the slope of the curve. In this representation, we treat the velocity as the independent variable, which makes sense because ultimately we want to know how a network of motors generates motion.
Motors can interact with each other through the forces that they generate. For example, if two equally strong motors pull against each other, they will stop. But the outcomes of the interactions between motors comprising a force generator and internal friction are relatively uninteresting: A collection of such motors behaves simply as the superposition of the force-velocity curves with the appropriate sign to denote whether they are pulling together or pushing against each other. To use an electrical analogy, a motor is like a battery (force generator) that drives current flow (motion) through a resistor. Although the motors are active elements in that they are out of equilibrium and drive motion, they act in a passive manner in that the movements are always downhill. Networks of coupled motors with force-velocity curves display no complex behavior such as switching or oscillation that is characteristic of active electrical circuits. For motors to do more, they need to have additional properties. But what are they?
LOAD-ACCELERATED PROTEIN-PROTEIN DISSOCIATION
There is a simple property that endows mechanical networks of motors with active properties that can drive switching and oscillations. This property is load-accelerated dissociation: the increase induced by a load force of the rate For a processive motor that takes many steps along a filament before detaching, loadaccelerated dissociation implies that its run along the microtubule is briefer in the presence of a load force. Such a load-dependent decrease in the run length has been measured for kinesin-1 (Figure 3a ) (53) . At zero load, the run length is about 1 μm, corresponding to about 120 steps. As the load increases, the run length decreases and approaches ∼200 nm near stall. Because the velocity also decreases as the load increases, this experiment does not indicate that the dissociation rate is also increasing with increasing load force. However, if one takes into account the force-velocity curve, then the dissociation rate does indeed increase with load ( Figure 3b) . Importantly, the attached time does not go to zero at stall, or else it would not be possible to make a motor go backward. Instead, as the force increases, the attached time decreases approximately exponentially with a characteristic force of ∼3 pN: The dissociation rate increases e-fold per ∼3 pN. At stall the attached time is ∼0.2 s, and even at superstall loads there is still time to make several backsteps (10).
What is the physical mechanism by which force influences dissociation? The prevailing hypothesis is that dissociation occurs via a transition state that is displaced in the direction toward which the load force is pulling (17) . The characteristic force of 3 pN for kinesin-1 implies a displacement of 1.3 nm (kT/3 pN, where kT is thermal energy), which indicates that the motor domain is highly strained prior to dissociation.
Load-accelerated protein-protein dissociation is well established outside the motor field. For example, force accelerates dissociation of antibodies from antigens, integrins from extracellular matrix molecules such as collagen and fibronectin, cadherins from each other, and Pselectin from glycoproteins (reviewed in Reference 25). For motor proteins, load-dependent dissociation is not a general phenomenon; load has no effect on the run length of myosin-V (11), and yeast cytoplasmic dynein has a longlived high-force state (18) , though this is not found in metazoan dyneins (58) . Thus, the loadaccelerated dissociation found in some motors may be a specific adaptation for mechanical signaling and may not be advantageous in all systems. However, there is a caveat to the interpretation of run-length measurements that have been made with optical tweezers. Because of the geometry of a bead in an optical trap, a force directed along the filament also has a component pulling the motor away from the surface of the filament and it is not clear which component of the force-load or lift-causes detachment. Experiments in which the direction of the load is more precisely controlled are therefore needed to fully establish the principle of load-accelerated dissociation for motor proteins. Nevertheless, the evidence is still strong enough to explore its implications as a mechanism of mechanical communication between proteins.
IMPLICATIONS OF LOAD-DEPENDENT DISSOCIATION: POSITIVE FEEDBACK AND NEGATIVE DAMPING
Load-accelerated dissociation of a motor can lead to positive feedback. This can be best appreciated by considering a tug-of-war (Figure 4a ). Imagine that both sides are evenly matched (symmetric) and that the probability of one person letting go (or slipping on the grass) increases with the load that he or she is carrying. If someone on one side accidentally lets go, then the load is shared among fewer people on that side and the load per person increases. This increases the likelihood that another person lets go, leading to a catastrophic release on that side. Consideration of the other side leads to the same result: If another person attaches, then the load per person is decreased so that even more people can take hold, leading to an ever-increasing force (Figure 4b) . The tug-ofwar illustrates that positive feedback associated with load-dependent detachment can lead to spontaneous symmetry breaking. Positive feedback in a mechanical system can be understood using the concept of negative damping. This is an unusual concept about which many people initially feel uncomfortable. To understand it, I remind the reader about positive damping. Positive damping refers to the increased resistance to movement that a body experiences as its speed increases. For example, to move a spoon faster in a jar of honey requires more force. Negative damping corresponds to the situation in which the resisting force decreases as the speed increases. A classic example Spontaneous symmetry breaking: occurs when a spatially symmetric system is not stable with respect to small perturbations and rather than returning to its initial position it moves one way or the other and becomes asymmetric Negative damping (or drag): a force that augments motion and whose magnitude increases with velocity Positive damping (or drag): a force that opposes motion and whose magnitude increases with velocity from the fluid mechanics literature is the transition from laminar to turbulent flow past a sphere: As the speed increases, a critical region is reached where the drag force decreases and the drag coefficient (the slope of the forcevelocity curve) is less than zero (Figure 4c) . If a spoon in a jar of honey were to suffer such viscosity breakdown, a critical force would be reached in which the spoon would suddenly start accelerating in the jar-it would lurch forward. A loose analogy is quicksand that has high resistance when stationary but lower resistance when agitated. Another example is the phenomenon that the coefficient of moving friction is usually smaller than the coefficient of stationary friction (i.e., a velocity-dependent friction coefficient): This phenomenon is associated with the skidding of a wheel and can lead to slip-stick oscillations, such as during the bowing of a violin string (3, 55) .
The reason that negative damping is a useful concept is that it leads to instability. For example, consider a linear oscillator described by the equation ma + γ v + κ x = 0 where m is the mass, a is the acceleration, γ is the drag coefficient that provides damping, v is the velocity, κ is the stiffness, and x is the position. If γ is positive, the oscillations will die out; if γ is negative, they will build up, and we call this spontaneous oscillation. The build-up requires 
Positive and negative slopes of the force-velocity curve. (a) Balance of the motor force ( f ) and the external force ( f ext ). (b) Linear force-velocity curve for a plus-end-directed motor. (c) For an ensemble of motors with load-accelerated dissociation, the slope of the force-velocity curve, the drag coefficient, can be negative if the load-dependence is strong enough.
energy, which enters the system through the damping element: The power dissipated to the surroundings by a moving particle is 1/2γ v 2 , where v 2 is the mean squared velocity, and if γ is negative, then the particle takes up energy from the surroundings.
FORCE BALANCE OF MOTOR PROTEINS: POSITIVE AND NEGATIVE DRAG
I now formalize these ideas of positive and negative damping. Imagine a single motor protein moving an object at constant velocity (Figure 5a) . If an external force f ext is also applied to the object, then there will be a force balance:
where f is the force of the motor. We adopt the following sign convention for motor proteins:
The direction toward the plus end of the filament is positive. Thus, kinesin-1 and myosin-V have positive unloaded velocities, and minusend-directed motors like dynein and myosin-VI have negative unloaded velocities. Usually, we show positive to the right. A load force is directed opposite the unloaded direction of motion. Thus, for a plus-end-directed motor a load is in the negative direction (i.e., f ext < 0). Usually, the velocity is assumed to be small because we are usually interested in the force-limited regime, in which the motors have built up high tension in the network (20) . It is under these conditions, such as when there is a tug-of-war, that the network shows interesting behavior; importantly, at the onset of instability the amplitude of the velocity is still small. The forcevelocity curve can be written as
where v is the velocity, f 0 is the stall force (the force associated with the motor's forcegenerating element), and γ 0 is the slope, at stall, of the force-velocity curve (it is the drag coefficient associated with the motor's internal friction element). For a plus-end-directed motor like kinesin-1, f 0 is positive. For all motors characterized so far, the drag coefficient at stall is positive, corresponding to a drag force that opposes the motion. A linear force-velocity curve for a plus-end-directed motor is shown in Figure 5b . is the dissociation rate at the stall force, f off > 0 is the sensitivity of the dissociation rate to the load (an increase in the load by f off increases the off-rate e-fold), and the sign is negative because increasing the load means making the external force more negative. Application of the chain rule-
This reduces to Equation 2 if there is no loadaccelerated dissociation ( f off = ∞), and the ensemble damping is positive due to the stabilizing effect of the force-velocity curve. However, if the load-dependent dissociation is strong enough ( f off is small enough), then the ensemble drag coefficient can be negative, corresponding to negative damping and consequently to positive feedback (similar to tug-of-war). Note that negative damping also relies on the motors being dynamic in that they can fluctuate between on and off states. If they are almost always on (k on k off and N 0 ≈ N tot ), then load-dependent detachment will not significantly change N 0 . For kinesin-1, f 0 ≈ 7 pN and f off ≈ 3 pN, so the load-accelerated dissociation is strong enough, in principle, to give instability: Of course, this will not be seen in single-molecule conditions because after completion of a run, reassociation is slow; however, instabilities or oscillations might be observable at higher densities, especially in a tug-of-war scenario.
It is useful to describe our situation in the language of nonlinear dynamics. For an ensemble of motors at stall, a net drag coefficient equal to zero corresponds to a critical point. Decreasing the drag coefficient through zero causes the system to transition (i.e., to switch) from stability (positive damping) to instability (negative Critical point: the value of a parameter at which the system changes its behavior Control variable: a parameter whose change can alter a system in a qualitative way, e.g., from being stationary to undergoing oscillations damping) and to start moving spontaneously. There are several potential control variables. For example, the motors could be modulated (e.g., by a biochemical signaling pathway) to have a higher stall force ( f 0 ) or a stronger load dependence ( f off smaller). The number of active motors can also act as a control variable: If there is another source of positive damping (such as a filament array; 29) that stabilizes an otherwise unstable system, then increasing the number of active motors by a signaling pathway might eventually make the system unstable.
DELAYS AND CHEMICAL INERTIA
Load-accelerated dissociation leads to oscillations in a natural way: Even though the dissociation rate constant changes as soon as the load is changed, the actual number of attached motors changes only slowly as the system relaxes to its new state of association appropriate for the new load. Thus, there is a delay between the application of the load and the response of the motors to that load. The system responds sluggishly to a change in force: It has inertia. The inertia is not due to mass, but rather it is a chemical inertia due to the finite time that it takes the motors to detach from their filaments. A central result from the theory of oscillators (3) is that for a system to undergo spontaneous oscillations, it must have a negative damping coefficient (to actively drive the motion), a positive stiffness to define a zero point (about which the motion oscillates), and a positive inertia that causes an overshoot of the zero point rather than a gradual relaxation to the zero point. Load-dependent detachment provides a positive inertia in a natural way.
The magnitude of the inertia associated with load-dependent detachment can be calculated by considering the kinetics of motor association and dissociation. The simplest situation is when these processes are first order and the number of attached motors changes with time according to This equation has a correlation time τ = (k on + k off ) −1 that determines how quickly the number of motors will respond to a changed load. If the ensemble is near stall and accelerating slowly |d v/dt| v max /τ 0 , where d v/dt is the acceleration and τ 0 is the correlation time at stall, then the number of attached motors satisfies 49) . The total force is now
The important thing is that the sign of the inertial term is positive, and the system has the capacity to oscillate.
DYNAMICS OF FILAMENT ARRAYS
The phenomena of switching and spontaneous oscillations can also be driven by the polymerization and depolymerization of cytoskeletal filaments. Indeed, they can occur whenever a motion-producing process is sensitive to the load or the velocity. For cytoskeletal filaments, cargos attached to the plus end, the more dynamic end, are pushed during growth and pulled during shrinkage. Examples of pushing include actin polymerization that drives cell protrusion (35) and some types of membrane traffic (38), microtubule pushing that positions the nucleus and spindle in fission yeast (59) , and probably the microtubule-organizing center (MTOC) in metazoan cells (50). Examples of pulling include microtubule depolymerization that asymmetrically positions the mitotic spindle (19) and moves chromosomes during mitosis (51). Although these movements require additional plus-end-binding proteins (such as the ARP2/3 complex and formins, which promote actin filament growth) (39) and anchoring proteins (such as the DAM1 complex that can bind to the ends of depolymerizing microtubules) (4, 65), the energy for these motions comes from the hydrolysis of ATP by actin or GTP by tubulin. Arrays of dynamic filaments display a rich variety of mechanical properties: elasticity, drag, and inertia.
Stiffness
A confined array of dynamic filaments can have stiffness (29). Consider the situation shown in Figure 6a in which microtubules grow out from an MTOC and push against the cell cortex. This centers the MTOC because if it is displaced from the cell center, then the microtubules will spend less time growing to the cortex on the nearer side than to that on the farther side. Therefore, the fraction of time that the microtubules spend pushing on the nearer Stiffness and damping associated with a dynamic array of microtubules. (a) Microtubules grow out from the microtubule-organizing center (MTOC) and push on the cortex. After catastrophe, they pull on the cortex and then detach and shrink. If the MTOC is displaced to the right, then the time spent growing and shrinking to the right cortex will decrease and so the fraction of time that a microtubule spends pushing from the right (and therefore the total number of pushing microtubules on the right) will increase, leading to a restoring force that tends to push the MTOC back to the cell center. (b) Equivalent mechanical circuit showing the stiffness elements (springs) and damping elements (dashpots) in the x and y axes. Modified with permission from Reference 29.
cortex will be increased, leading to an increased force that opposes the displacement. Centration is therefore a form of collective stiffness because it corresponds to a force that opposes displacement away from the cell center, just as a spring opposes displacement away from its resting length. The further the MTOC is displaced, the greater the net forces pushing it back to the center, just like a spring. Pulling microtubules have an anticentering effect: The closer the MTOC gets to one cortex, the more microtubules will pull from that side. The net result of pushing and pulling is a force on the MTOC that depends on its displacement, x, from the cell center according to
where
is the number of pushing (pulling) microtubules on each side when the MTOC is centered, f (Figure 6b) . Pushing microtubules confer a positive stiffness-they are stabilizing and drive centration of the pole. Pulling microtubules confer a negative stiffness-they are destabilizing. If the net stiffness is negative, then a small perturbation of the spindle from the center will lead to an ever-increasing force that moves the pole toward the cortex.
Damping
In addition to stiffness, a dynamic array of confined filaments can also give rise to damping (29). The net damping can be positive or negative. Positive drag comes from the forcevelocity curves of the growing and shrinking microtubules, by the same argument that the force-velocity curve of a motor protein contributes positive drag. The force-velocity curve associated with pushing has been measured for growing microtubules (14) and actin filaments (36). Positive drag also results from the growth of a microtubule toward the cortex:
The faster the movement of the MTOC toward the cortex, the higher the net rate at which the microtubule plus end approaches the cortex, and the higher the attachment rate and so the larger the number of pushing microtubules. Negative drag can arise from three sources: a load-accelerated catastrophe rate that increases the number of shrinking (pulling) microtubules, the growth of the microtubule toward the cortex (a higher attachment rate also leads to a higher number of pulling microtubules), and a load-accelerated dissociation of shrinking (pulling) microtubules. Assuming that only a small fraction of the microtubules are pulling and pushing, the force on the pole then depends on MTOC velocity, v, according to
is the slope of the force-velocity curve associated with pushing (pulling), v + is the growth rate, f cat is the compressive force required to increase the catastrophe rate constant e-fold (14) , and f off is the tensile force required to increase the detachment rate e-fold. In addition, there is an inertial term (proportional to d v/dt), but we do not calculate it here.
EXAMPLES OF MECHANICAL SIGNALING NETWORKS The Flagellar Beat
Cilia and flagella are slender cellular appendages of eukaryotic cells. They are motile structures that drive fluid flow and motion through fluids. Their central core is an evolutionarily conserved organelle, the axoneme, that comprises a cylindrical arrangement of nine doublet microtubules surrounding a pair of singlet microtubules (45) . Dynein motors located between adjacent doublet microtubules (Figure 7a,b) generate shear forces that cause sliding between the doublet microtubules. Passive components such as nexin links and constraints at the base convert sliding between adjacent microtubules into bending deformations. Although the mechanism of bending is known, how the motors generate the regular, oscillatory beat patterns is not. Motor coordination manifests itself in two ways. First, if motors on opposite sides of the axoneme were equally active, the forces would cancel and there would be no bending. The observed bending therefore implies that the motor activity periodically varies from being higher on one side of the axoneme to being higher on the other side. There is a switch. Second, for the generation of a wavelike propagation of bends, the activity of motors must be coordinated along the length of the axoneme. The dynein activity cannot be coordinated by a traveling biochemical or electrical signal because demembranated axonemes can still generate regular beat patterns.
Recently, we have shown that loadaccelerated dissociation of axonemal dynein from the microtubule can account for the beat (7, 49). Load-accelerated dissociation leads to (a) a negative drag that causes switching of the activity of the dyneins on either side of the axoneme and (b) an inertial delay. In combination with a stiffness contributed by the flexural rigidity of the microtubules that tends to return the axoneme to its straight conformation, the negative drag and positive inertia lead to spontaneous oscillations. The oscillations propagate because activation of motors at one place causes shearing of the microtubules, which in turn activates dyneins in adjacent locations along the axoneme. The shape of the beat of bull sperm accords with this theory (Figure 7c) .
The flagellar beat corresponds to a mode of excitation whose amplitude builds up over many oscillation cycles owing to the negative damping contributed by the dyneins. In this respect, the flagellar beat is analogous to the resonance of a string: It builds up slowly, and the mechanical properties of the two endsthe boundary conditions-are important. The beat is a delocalized, collective phenomenon. This delocalization has several interesting consequences. First, the compliance at the base determines whether the beat propagates from base to tip (as it does for most flagella) or from tip to base (as it does for many cilia such as Chlamydomonas and Paramecia when swimming forward). Therefore, the change in the direction of propagation of the beat seen during avoidance behavior in these and other organisms could be due to a change in the basal boundary conditions (49) rather than a modulation of the activity of the motors all along the length. Another consequence of the inherently collective nature of the axonemal beat is that for helically beating cilia, there exist modes that beat with opposite handedness, even though the location of the motors with respect to the doublet microtubules (Figure 7a ) confers a fixed handedness on the axoneme (26) .
Oscillations of the Mitotic Spindle
Oscillations are also pronounced during mitosis, especially during asymmetric cell division. During displacement of the mitotic spindle into the posterior half of the cell, a transverse oscillation, a rocking of the spindle about a pivot point on the cell axis, is sometimes seen. It is prominent in the one-cell embryos of nematode worms (Figure 8a,b) , but it is also observed during asymmetric cell division in other tissues such as the developing mammalian cortex (23) . The spindle movements are due to cortical force generators located on the cell cortex that attach to and pull on the astral microtubules that grow outward from the two spindle poles (Figure 8c) ; the pulling forces generate a tension that is dramatically revealed when the spindle is cut with a laser, causing the two poles to fly apart (19) . The molecular identity of the force generators is not known. Cytoplasmic dynein plays an important role in both posterior displacement (12) and transverse oscillations (47); perhaps the force is generated by the dynein ATPase that pulls the pole toward the cortex. Alternatively, the force may be generated during depolymerization by the GTPase activity of tubulin.
Load-dependent dissociation of opposing cortical force generators located off the anterior-posterior axis can account for the oscillations (47), a conclusion confirmed by numerical simulations (37). As in the axoneme, load-accelerated dissociation leads to negative drag, and the delays lead to inertia. In addition, a stiffness element exists that precisely centers the spindle prior to anaphase (perhaps through a microtubule pushing mechanism discussed above). Together, these elements lead to oscillations. Why do the oscillations build up and then die down? The tug-of-war model gives a simple explanation. The pulling activity of the cortical force generators is a control variable: As it increases, a critical point is reached beyond which the net drag coefficient is negative and the oscillations start to build up. As most of the cortical force generators become active, the negative drag decreases again because negative drag relies on a dynamic equilibrium of force generators (Equation 3), and the oscillations die down again. Thus, a monotonic increase in the number of cortical force generations can lead to a monotonic posterior displacement but a transient oscillation.
Insect Flight Muscle
Another classic example of mechanical oscillation is insect flight muscle (48). In some insects such as flies, mosquitoes, and giant water bugs, the oscillation of the wings is not controlled neuronally, as it is for other insects and for most other animals with undulatory locomotion such as worms, lampreys (22) , fish, and snakes. Instead the oscillation is mechanical. The neuronal input is not timed with the beat cycle, but rather the beat is self-oscillating. Experiments on isolated insect flight muscle show that it is activated by rapid stretches. Muscle fibers from other species also oscillate under some circumstances, though this might be a different mechanism (52). It will be interesting to determine, perhaps using single-molecule assays, whether load-accelerated dissociation of insect muscle myosin from the actin filaments underlies insect flight muscle oscillation.
Axonal Transport, Bidirectional Transport, and Chromosome Oscillations
The examples so far have been of oscillating systems. However, load-accelerated dissociation of motors may also play important switching roles. There are many examples of organelles that bind oppositely directed motors and have the capacity to move in both directions (reviewed in Reference 64). Examples include membrane-bounded vesicles in axons in which the anterograde kinesins carry the retrograde dynein to the distal end of the axoneme; oil droplets in Drosophila oocytes; melanosomes in melanocytes that move outward to darken the skin or inward to lighten it; and the kinetochores of chromosomes, which have both dynein and plus-end-directed kinesins (44) . Often these systems display bidirectionality: persistent motion in one direction and then abrupt switching to persistent motion in the other direction (64) . An important question is how the activities of the motors are regulated to ensure that both sets of motors are not activated at the same time: If this occurred, a futile battle between motors might impede the orderly circulation of material from the cell center to the periphery and back. A theoretical analysis suggests that load-accelerated dissociation of motors from the microtubules can account for bidirectional movement (5, 43) . Thus, even though biochemical signaling pathways play key roles in regulating organelle transport (64) and chromosome movements, the motors themselves have the capacity to self-organize.
Other Mechanical Forms of Intracellular and Intercellular Communication
It would be wrong to claim that load-dependent dissociation is the only mechanism underlying coordinated cellular movements. Mechanical oscillations of the hair bundle, the mechanoreceptive organelle of sensory hair cells in the inner ear, are thought to be driven by complex feedback loops involving motor proteins (57) . Mechanical interactions of cells with the substrate (63) via focal adhesions (6) can control the position of the mitotic spindle (56), cell and tissue shape (30), and cell fate (16) . Cortical tension regulates cell division (15) , which may involve spontaneous symmetry breaking (46) . In addition, cells may use motors to measure filament length (62) to control the length of organelles such as the mitotic spindle and axoneme (40). Load-accelerated dissociation is one of several processes by which cells can sense and respond to mechanical forces.
ANALOGIES TO ELECTRICAL AND CHEMICAL SIGNALING
It is instructive to compare mechanical signaling through load-dependent dissociation with electrical and chemical signaling mechanisms. The electrical analog of a motor protein is an ion channel in a membrane. The electrochemical gradient that drives ion flow through the channel is analogous to the phosphorylation potential of the ATP hydrolysis reaction that drives motor movement. Load-accelerated dissociation of a motor has an ion-channel analogy: voltage-activated channel opening. For example, the probability of a sodium channel being open increases as the voltage is increased. If the voltage sensitivity is sufficiently strong and a threshold voltage is reached, then there is positive feedback such that channel opening allows positively charged sodium ions into the cell, making the cell more positive and in turn opening more channels. This so-called Hodgkin cycle underlies the all-or-nothing action potential. Voltage-activated opening confers negative conductance to an ensemble of sodium channels that is analogous to the negative drag coefficient of an ensemble of motors. The lag between the change in voltage and the change in open probability of a channel gives rise to inductance, the electrical analog to inertia; this can lead to voltage oscillations when the capacitance of the cell (analogous to stiffness in a mechanical system) is taken into account (13) . Electrical signaling has its origin in the transistor-like properties of ion channels; a motor with load-accelerated dissociation acts as a mechanical transistor.
However, there are important differences between electrical systems and the mechanical systems that I have been discussing. Although there is a superficial similarity between the action potential of nerve cells and the flagellar beat-they are traveling waves of electrical and mechanical activity, respectively-there is a fundamental difference. The actin potential is an all-or-nothing opening of sodium channels triggered by a local electrical disturbance and whose propagation is not influenced by the electrical properties remote from the site of excitation. By contrast, the flagellar beat is a mode of excitation whose amplitude builds up slowly over many oscillation cycles, and the mechanical properties of the two ends-the boundary conditions-are important.
There are also analogies between mechanical and chemical signaling networks. Autocatalysis is analogous to negative damping. Delays associated with phosphorylation or transcription lead to chemical inertia, and stiffness is conferred by the regulation of protein levels by degradation or dephosphorylation. These biochemical properties are the building blocks of systems biology (2, 61) , and many of the circuit principles underlying biochemical signaling pathways also apply to mechanical systems. An important advantage of mechanical signaling over chemical signaling is that the former is fast: Mechanical deformations propagate quickly (at the speed of sound in the protein material) and so will outpace chemical signals that rely on diffusion to propagate (24) .
SUMMARY POINTS
1. Cell movements are coordinated in space and time. This coordination may be due, at least in part, to direct mechanical coupling between motor proteins.
2. Mechanical coupling in the form of load-accelerated protein-protein dissociation can lead to positive feedback and switching between attached and detached states.
3. Load-accelerated protein-protein dissociation naturally leads to delays, which in conjunction with positive feedback can lead to oscillations.
4. Several examples of coordinated cellular motions such as the flagellar beat, spindle oscillations, insect flight muscle, axonal transport, and bidirectional motility can be understood in terms of positive feedback provided by load-accelerated dissociation.
5. There are close analogies between mechanical signaling mechanisms and those found in electrical and chemical networks. 
